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media were harvested 2 to 3 days after infection and virus was 
re eased by son.cation. Cell debris was removed by ceS! 
f S f h'''' '''f '^Jy^^^^ *=^^«^"y >^y«^«d over aa 

nZ l T 3\ ' ^'''^ t™es volume CsCl 

(1.34 gm/cm3), and centrifuged at 30,000 rpm for 24 hr The 
resultmg band of virus was collected and dklwed against ^Jo 
changes of 200 vol 10 mM Tris-HCl/l mM Ed AI " cTor 

stored^t -'7o"c t);'T. "''."j!"'"' tris-saline-glycerorand 
stored at 70 C. The titer of the virus stocks were determined 
by plaque assay on 293 cells "cicrmmea 

virlSlSed'^ceir '™ 5™""'="'' recombinant adeno- 
virus-5 mfected cells was determined by the inhibition of 
cytopathic effect assay with HeLa cells and vesicular sSTtiS 
V. usaschallengevirus.FordetectionofIFN-con TnS/lS 

6 and 72 hr after infection and tested. Human IFN standard 
(Namalwa Sendai, Ga 23-901-532) was used as a ont^of 
Human recombinant IFN-conl had a specific activity of 1 x 
10« un,../n,g protein and was supplied by Amgen B SogicalJ 

1 x'l^''.^" .V'"''- ^""^ plated at a density of 

I X 10^ cells per well in 48-well plates and infected the 

a SfooTiH' "'"-r^ °^ recombinant adenov us-5 a 

CeTs wire counteH H*"!'" r""" '1''"^ "^^'^ <=°nt™ls 
cells were counted daily from 1 to 6 days after infection The 

growth rate was compared to uninfected cells, and eel viabS 
assessed by trypan blue exclusion. ^ 
In Vivo Treatment with Recombinant Adenoviru.: Ppn„i» 

MD%B 43^l",S'1'y;J\' ""'"^ ^^^^ '"j^"^'^ 1 X 10* 

muA-Mb-435 cells into the breast area or 5 x ins v-^/^o 

.nto the thigh area in 100 ^1 PBS per m^l' fnlSas f 

loSS ?00nnn™'"? rSi? P" ^e^n'binant virus, o 
lU.UUO or 100,000 units IFN-conl, or 100 ul PBS was iniecterf 
into the site where the MDA-MB-435 cells wereTmUtK 
cases where established tumors were treated inSns of 
recombinant virus or IFN was at the dosage des IeSTbove 
(at differen times) and administered every 3 days Female 
Golden Syrian hamsters (65-75 e- 5 to 6 we^tc ^ih> 

a^n^hettdT «-'--ig"-DawlS. ^ThTSL^'i Zl 
anesthetized by injection of 80-100 ml ketamine HCl at n 

eioS ofl^H ^' ^"'^ '"j^'^t^'' the thigh 

region of the hamster using a 1-ml syringe and a 22-eauBe 
need e. Adenovirus-5 and recombinant virus were infectfd 
.nto the center of the tumor nodule or into the t^mor area 
'"j^'^^'""- R^'^ombinant virus oSwas 

Histological Techniques. The tumors were dissected fixed 
m formalin, and embedded in paraffin. PerceSe of Jmof 
necrosis was calculated on hematoxyhn/eosin stSned seSs 
tvpT '""5"'^"=^".°" "^'"g a 10 mm X 10 mm ocular grid on 
several representative cross sections of the tumor Immuno 

chemistryfortheproliferation associated marke^^^^^ 

gene product P53 [Pab ISol^dltLV'l 1^15)7^^^^^^^^^^^ 
dilution 1:40 (16), NovoCastra, Newcastle, U K ] was ner 
formed on paraffin section using a microwave ov^n-ba^sed 
antigen retrieval before treatment as described 0 7) OtS 
proteins investigated by immunostaining in this study ncSded 

N^aCaitfaUll ;nH°"^^^^ ''""^'0" 40 

night incubation with the priL'fy^LSodL^^hSdl 
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stained with a biotin-conjugated goat anti-mouse antibody f30 
mm; Kirkegaard & Perry Laboratories) followed by Sx J 
dase-conjugated streptavidin (30 min; Kirkegaard & Peil 

betSTslL?,^'^"^^'"^ r '^^^^'"P^" withTs'-dtS 
Denzidine (Sigma). The results were expressed as a percentase 
of positively stained neoplastic cell nuclei P^^^^ntage 

eniSliSrT^Mrr'' "«nisotopic, in situ DNA 
end labelmg (ISEL) technique (ApopTag; Oncor) aoolied to 
paraffin sections obtained from the saS^e bLcks used for 
immunostaining. With the ISEL technique, residues of dioxT 
gen.n-nucleotides(dioxigenin-dUTP)were;atSticai?^ 
to the fragmented DNA (SfOH ends) by adding terrninal 
deox^ucleotidyl-transferase (Oncor) to the slides (22-24) 

a^.!-d Snint"' r" ^""^^^^-^'y immunostained by 
r^.ir,lH^ ?f'"°'"''^^-'=°"J"g^t^d antibody (Oncor) The 
localized peroxidase enzyme was then revealed by routine 

Sucr°and"S' ^''^'^ nu-ber of^optoti 

^S^c^rZlT' ^'^^^ - ^ P"-ntage^'f the 
Statistical Analysis. Statistical analysis of the in vivo animal 
tumor model data and /„ vitro cell growth LlyTes Trj 
produced by pairwise comparisons of the raw data and siS- 
icance was evaluated by the standard Student's / tesrEs 
otherwise stated in the text, sets of data were considered to Hp 
significantly different at a predetermined eve? o ? J 0 0^^^^ 

from r^anh^T":^"^ 

irom the graphs for the purpose of clarity Error can he 

orTelet Tc ^^^y '^^^^ smoothTurvl 

ZlZ. f confidence {P value) indicated for comparisons 
between adjacent curves. Histochemical analysis was ner 
formed using Student's , test for unpaired data to comnare 
different results obtained within the various diagnostic gZps 



RESULTS 

/Jt^T^T^''^!^^^'T^'^^^ Cancer Cells Shortly 

After Transplantation. MDA-MB-435 cells were injected into 

t o7f X T,^?en; '° ^-^■'-'^-d^ -ice a? ScenS 
i^M \ M ^"^^"^ P^"" ""ouse. On the followine day either 

Sisa lM\""'V«V°°'°°° ""''^) or"rlcS;bin n 
viruses at 1 x 10» pfu or PBS were injected into the same area 

Z StLr"'' ^ "^y^- ca^ be Len from 

infect^withadSA"^^ 

injected w th ad5/IFN. Tumors directly treated with IFN crew 
significantly slower than control tumor., although by day 45 
here was no significant difference between those treated with 
IFN and the controls. Mice that were infected with Sry^e 

rut comaTnin^ thef recombinant aSn^ 
th.t ?rp i '"'^'ferase gene, produced smaller tumors 

imSeTaS? ^"""^^ ^ 

Treatment of Established MDA-MB-435 Tumors with Rp 
antl^hf 'h'^'h™" ' wJulTwanUo treat" 

Thus esS the effT n!, "''" "'^ -combinant virus. We 
various nll ff ?* °^ '° established tumors at 

various times after transplantation. Virus was injected at 3-dav 

ran?27£^^^^ 
in laroe Lmn' '^'r 

2 (21 EwhP^P «'°"P ^ ''^y^) group 

of morf in T '""P'^'" regression, whereas in thicase 
of more advanced tumors, group 3 (27 days) there was 
complete regression in two of five animals andVart af Lr^s 

ZiSnr H ^ '^'^^ transplantation of the xenograft a 
significant decrease in tumor progression occurred (Fie IC) 

ment wkhlS"'"'^ "^'"8 ad5/imVe2 

remwth^rhT."?'''/^ ^ significant decrease 
"n growth, although less than with any of the other treatments 
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lack of growth when ad5/IFN was injected into the area 
previously injected with tumor cells 24 hr aftLr tumor r.n 

o7rrSSel1lh1,''JH°"!.V/^r^^^^^^^ 

oi growth rate with both ad5/lfu and wild-type adenovirus 

this^was not as pronounced as in the case of MDA Z-435 
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ssds^SEsliiH' ^^^^^^^^^^^^^ "^^^ - - <^> 

calculated. counted daily from day 1 to dL 6 aftcr^f!.«i„ °' recombinant viruses 

y no aay 6 after infection and the average number of cells was 
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RPIMI 1846 is a fast growing hamster melanoma and devel- 
ops mto a tumor in Syrian hamsters. Hamster cells do not 
support a productive infection with adenovirus (12 25) How- 
ever when melanoma cells were transplanted into the thighs of 
hamsters and challenged 24 hr later with wild-type adenovirus 
and both recombmant viruses, only ad5/IFN inhibited tumor 
growth (F,g 14) There was no significant difference between 
controls and ad5/wt or ad5/lfu. Similar experiments to those 
described above were done with established tumors. ad5 /IFN 
did mhibit the development of the established tumor and 
temporarily inhibited growth, whereas both wild-type virus 

100,000 units every 2 or 3 days had a slight effect on tumor 
development (data not shown). 

InVi^ Effects of Recombinant Virus. To examine whether 
the differences seen in the response to wild-type and recom- 
binant virus could be seen in culture, MDA-MB-435 cells were 
infected with adenovirus-5 wild-type and recombinant viruses 

tw>.T^.u I'^i ^ '""^'^''^^ «hat all three vi-ruses 
inhibited the growth of MDA-MB-435 cells and lysed the cells 
The recombinant virus ad5/IFN was significantly (/> < 0 001) 
more potent than the other viruses. K562 cells (Fig. 2B) did not 

ot ad5/IFN than the other viruses, this difference was not 
significant/' > 0 05); the ad5/IFN treatment was significant? 
different {P < 0.005) from the control. This cell line appeared 
to be semipermissive for the virus. That this is not resistance 
to uptake of virus was indicated by the IFN effect. If cells were 
resistant to the virus there would not be expression of the 
recombmant gene (see below). RPMI 1846 is of hamster origin 
and was expected to be nonpermissive or semipermissive for 

nrtn".^ Tl"'!!- ^ ^^T" ^'S- "^"l'" «"d-type virus 
^""^ ^^^^""^ °" ^'ability. However; RPMI 
1846 cells were very sensitive to ad5/IFN 

IFN-conl Production. The amount of IFN-conl being pro- 
duced by infected cells was measured from 6 to 72 hr after 
infection in vitro every 6 hr. MDA-MB-435, RPMI 1846, and 
K562 all produced IFN-conl. The amount produced varied 
slightly at each time point. MDA-MB-435 cells and RPMI 1846 
cells produced between 40,000 and 600,000 units of IFN-conl 
per day for each 10* cells. On the other hand K562 cells 
f^u''!^ 5,?.00 and 20,000 units per day for each 10* 

(100-1000 units/ml) under our growth conditions, 
.uf'f"'"^'^' Analysis of MDA.MB-435. Table 1 summarizes 
the results of histological analysis of the control and treated 

in^r. ieT°";T^"^^-^^^ '"""^^ ^^-"P'^^ obtained from 
untreated control mice were characterized by less necrosis, 
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stronger expression of p53 oncoprotein, and higher prolifer- 
ative activity as measured by Ki-67 {P < Q.Ol) and PCNA (P 
< 0.01) immunostaining than the ad5/IFN and ad5/wt in- 
fected tumors. No significant differences were observed be- 

their t!^ , f ^ '"«''''y •'igher reduction in 

heir tumor proliferative activity. No significant differences in 
the histological and immunohistological parameters were ob- 
served between the IFN-treated and control groups. ISEL for 

s[mE: ,.°^?h'' ''^'^^^"^ sample groups showed 

similar results This suggests that the regressive effects that are 
observed in the virus-infected specimens are not apoptosis- 
MDA MBis"'^r '"f'" '° regulation of p53. 

Bc??n^gat?ve ^^'^ estrogen-receptor negative and 

DISCUSSION 

Adenovirus vectors containing the HSVtk gene have been 

systems 26 IR^Tl °^ ' '""'V^ °^ '"^"^^ 
systems (26-28). In these cases there was partial or complete 

tumor regression following treatment of the animal by i p 

injection of gancyclovir. In this paper we present an alternative 

mode of treatment that we found to be very effective in the 

treatment of human breast cancer and a human myelogenous 

leukemia in athymic nude mice. 

ittIt P^"''^"'^'"' ^"■east cancer of humans has been refractile to 
IFN and other cytokine treatments. Treatment of MDA-MB- 
435 cells wuh high doses of type I IFN had very little inhibitory 
effect on the final growth of the tumors, although there was a 
significant decrease in cell growth initially (Fig. lA and Table 
1). Direct in vivo application of the recombinant virus either 
early after transplantation of tumor cells or at later stages 
Zn lli '-eg'-ession in the case of MDA- 

MB-435^ When MDA-MB-435 cells were infected in culture 
wi h wild-type ad5, ad5/Ifi., or ad5/IFN there was complete 
l)«is of the cells, significantly faster with ad5/IFN than in the 
other two. Thus, the in vitro results correlated with in vivo data 
and suggest that tumor regression was primarily due to an 

T^n^'iz^i:::. ^"-^ 

J?h'i'l '"^"'i?" °^ '^^''^ minimum cell lysis, 

so that these cells appeared to be semipermissive for adeno- 
virus. However, there was some inhibition of cell growth in 
vitro when the cells were infected with ad5/IFN. This probably 
reflects the large amounts of IFN being produced because 
K562 cells are refractory to IFN-conl levels of 100 to 1000 
units/ml (Y.G., unpublished results). However, when K562 
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thlKof haS.°SJSrrou°Sct^^^^^ ^''^^ i^^**- .846 cells (10^) wore injected into .he 

eurve of RPMI 1846 ceils infected with Mypo o7reeomC^nr. aSenov u T^:^^ 'T '^"'""^ S'"*'" ^'^^ '°^^oJcd. (B) Growth 

Twemy-four hours after infection ad/wt or rceombinant vi uses were added I^l n, 7,'^"","='* " °f ' ^ '0" P"*=" ^S-well plates 

1 to day 6 after Infection and the average number of eeirwL Jeulaied °' P''^"" ^^ily from day 
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Tabic I. 



Treatment 



Diameter, " 
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mi 



ad/IFN 

ad/wt 

IFN 

Untreated 



No. of 
samples 



mm 



5 
4 
3 
6 



3.5 ± 0.4 
5.5 i 1.1 
7-6 ± 2.3 
9.9 ± 2.3 



Necrosis, % 



57.2 ± 13.1 
43.2 ± 16.3 
43 ± 1.2 
19.8 ± 4.0 



p53, % 



^^^^^^^^^^^^ 



45.4 ± 3.8 
49.7 ± 10.7 
82.7 ± 8.4 
84.3 ± 4.0 



Ki-67, % 
60.0 ± 6.1 
62.8 ± 17.0 

89.3 ± 3.5 

84.4 ± 8.1 



tumors were treated with aH^ /ti7m • 

suppression of tumor gLth^J^™ '""5 ^"""P'^'^ 
11); there was little SSj^Mf^^^'^''^^^^^ tumo.^ (4, 
tumor growth. w.ld-type virus or ad5/lfu on 

RPMrnTfoCgStt '''/^H,".™^ -'--a 
the wild-type ad5 o adS/lfo If.^ "^l^-^^' ""^ ^'^h 
cells were sensitive to aSi™ ""^ ^"S" RPMI 1846 
viously been shown to be r/c ""^"^ "^•""ers have pre- 

data indkat^^hat Sis rSs? '" -""ougS /„ 

case of human ce Is 29^^^^^^^ 

explained by the llrVhi^^.t o^^^^^^ -"^^ "e 

recombinant virus produced by the 

ma^e^^radSdtnirratS^^^ ^"^'^^ 
transplantation and remove" 1 momh'lat^r Th''^^ '"""^ 

percentage of necrosis ;.nH t^. ^"^nrn later. The increased 

proliferationaStTdmarLersoJr^'^^^ 
adenovirus-5-treated mmorsT.n "'^ ^'^^nVN- and 

tumor regression. SeTcreased nsf "' ""^"^^^ 
MB-435 tumors suggests a dow*^ expression in the MDA- 

suppressor gene pXt whicrhrbe °' '"'^ 
quently involved in hnm^rk to be fre- 

with a'ggreS clin,"Tberavior"^^^^ '^"^^'^"^ ^^-^ 
regulation appears to be m^inifo "o^ever, this down- 
genome and'^n^ot thfim Thus thT^°"'' '"^ ^<^Mru. 
with the data! aS^su^est St'tu^^r ^^^"'^^«=o-elate 

to an oncolytic effect 'f X • 's due 

enhanced by Lpr4ence of the Ifm"' significantly 
have been sW 'rbe ref^a^ ^^^^^^^ 
There is no evidence fL! ! ° ^™ treatment (30, 31) 
Viral oncoly L was o i^S"''' '^^^^^^ '""'O'-s. ^ 
method of treat ing mmSsSjsrrff ? ^ 
reported a temporary remission o a^ute ii°f ^36) 
subject by successive inoS.on of sk di fere?'' " 
ever, generally the irie-, r!f a'"erent viruses. How- 

treatment of cancen ha™ !1® '"^^"'y i" the 

(for review see ref 37^ " experimental exercise 

By comparing the behavior of these three ^eii r 
and m vivo, we conclude that MDA-Mb 4^. t ^"^^ "^''^ 
oncolysis when infected with reohVatSln ""''^^S" 
rus, and that this was TnLS k ^°'"P^'^"' ^denovi- 

IFN-conlgene. MLrMB 4,^v P'"'^"=« of the 

by the IFN^onl g^ne wKe u^^^^^^^^^ 
associated virus construcra F 7 LwT. a"^""" 
results), thus indict LT hJt a defe"5^-^/' ""Published 
probably give positive ^riults afthtTrh '""'^ """"^ 
volved and the rate of trmnr ^ ""^ mechanism in- 
tumo.. also of hl^^ 'o^gi ^:rrr "^'^ 
regress following treatment du^ fn . - u 8™^*'' 
the IFN-conl gene. St n1e« n„ f^^^, '^^'""Py" ^^^^ 
levels does not lead to K562 tumnr ^ ''^■'""^ high 
only respond to th^FN ge„e th!^^^^^^^ 
retarded in their firowth7„wr», , P^ a"'' ^'•e thus 

This may reflect tK ha h^e cSlSf'^ ''^'-y^''- 
and are less sensitive to human im w I ''^^a'"^'" 
effect following transducSoJlS pi f ^ ^ 

A"th^5dro;£~^ 



s~rltrth: tuVor '^-'"r'^'^ P-^- '^at 
unknown. One possible exnT^n ^"^""""^ ^^^"0 is 

loses its activity Sy St Srint'; h ""'J "^^enous IFN 
virus carrying L geL thS hlh" " j'' '"^ 
at the site of the tumor Thl ^ production of IFN 

could be detected rsevIJalST" ^^^/^^N 
tumor (data not shownrw^ ^ '""'^"lation into the 

IFN-co^lgLe^rodu^elidS " ""^""^ "'^^ ^''^ 
leading to tumor regression '""P""^^ '"^ 

app'SierhUr^^^^^^^^ -^'^^^ ^« 

Adenovirus-SisonlyslifihtlvDMhn! . u''""^' '''"^^'o"- 

cold) and the IFN would he Her *° ''"'"""^ (<=°"^mon 

by the virus. The Sment 1' >h'k °^ ^''^ '""""^ 

would be expectertC „ ' H f f^'^P^'-^^y because it 
would inhibit'^continuous'^.Tnr "r '''''^^^^^^^ 

would lead to raprdtrrn c ^iTa'S;^^^ """^"'^^'^ 
growth of surviving cells and nerl ^^N would retard the 

event. This treatment comWn^/ .. '" "^"otic 
ment to prevenT svSe ^J^*'™"^ ^"'i-^*r"s treats 

engineerinVof thelSo J^^^^^^^^^^ - ft'"''- 

effects may make this a verrdeSbl^^^^^^^^^^ 

system. ^ aesiraDle anti-breast-cancer 
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